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Abstract
The potential effect of cemetery leachate on groundwater quality in the United States has rarely been studied. Nutrients and other constituents associated with decomposition and burial processes (such as embalming) have the potential to reach shallow groundwater and could affect nearby drinkingwater sources. The objective of this preliminary investigation was to evaluate the potential effect of cemetery leachate on shallow groundwater quality near Mt. Hope Cemetery in Ingham County, Lansing, Michigan, which is within the Wellhead Protection Area for the City of Lansing. The constituents measured in this study include nutrients, trace metals, formaldehyde, fecal indicator bacteria, bacterial pathogen genes, contaminants of emerging concern (including pharmaceuticals, personal care products, and wastewater indicator compounds), and age-dating compounds. Three monitoring wells were installed 7 to 12 feet below land surface downgradient from the cemetery and sampled quarterly for 1 year. A fourth well (Fenner) was sampled to determine groundwater conditions outside the potential effects of cemetery leachate; samples from this well were collected near the water table.
Nitrogen and phosphorus compounds were present at higher concentrations in two of the three monitoring wells (wells C1 and C3) than in the Fenner well. Formaldehyde and pharmaceuticals were not detected in any of the wells; however, several trace metals, including arsenic, manganese, and aluminum, were present in high concentrations, with arsenic concentrations typically exceeding the U.S. Environmental Protection Agency (EPA) drinking-water standard. Several wastewater indicator compounds, including atrazine, phenol, p-cresol, camphor, and skatole, were detected in the monitoring wells. Microbial data indicate the presence of staphylococci, enterococci, and Escherichia coli (E. coli), with the highest concentrations being measured in the same two monitoring wells that exhibited elevated concentrations of nutrients in the groundwater (wells C1 and C3). Several bacterial pathogen genes were detected, including several
Introduction
Although nutrients and other constituents associated with decomposition and burial processes (such as embalming) have the potential to reach shallow groundwater and could affect nearby drinking-water sources, the effect of cemetery leachate on groundwater quality in the United States has rarely been studied. Therefore, the U.S. Geological Survey (USGS), in cooperation with the Lansing Board of Water and Light and the Lansing Wellhead Protection Team, developed a study to evaluate the potential effect of cemetery leachate on groundwater quality through reconnaissance sampling and analysis of groundwater samples to test for possible environmental and human-health concerns associated with cemetery leachate. This study was conducted near Mt. Hope Cemetery in Lansing, Michigan, which is within the Lansing Wellhead Protection Area (WHPA) in Ingham County, Michigan. One of the elements of a wellhead protection plan is to inventory sites of known or potential contamination within a WHPA (Michigan Department of Environmental Quality, 2006) . Historically, cemeteries in Michigan have not been included in the Wellhead Protection Program (WHPP) contaminant-source inventories. The constituents analyzed for in this study include nutrients, trace metals, formaldehyde, fecal indicator bacteria (FIB), bacterial pathogen genes, contaminants of emerging concern (CECs) (including pharmaceuticals, personal care products, and wastewater indicator compounds), and agedating compounds.
The USGS provides reliable scientific information to describe complex water quality conditions and the connection with hydrologic systems and assists in understanding their effects on the public and the environment. In most instances, this involves documenting and analyzing the effects of widely recognized phenomena such as surface-water and groundwater quality and flow. On occasion, this involves relatively smallscale studies of previously unrecognized phenomena, such as evaluating the potential effect of cemeteries on groundwater quality that may affect nearby drinking-water resources. The USGS works within its strategic science direction and with its cooperative partners, such as the Lansing Board of Water and Light, to document these possible emerging hazards and to ensure that scientific methods are applied effectively to better understand these phenomena and thereby protect drinkingwater supplies.
Purpose and Scope
This report documents the results of analyses of 21 samples (including quality-control samples) collected approximately quarterly from three monitoring wells and one well outside the potential effects of cemetery leachate near Mt. Hope Cemetery in Lansing, Michigan, from December 2016 to July 2017. Samples were analyzed for nutrients, trace metals, formaldehyde, FIB, bacterial pathogen genes, contaminants of emerging concern CECs (including pharmaceuticals, personal care products, and wastewater indicator compounds), and agedating compounds. Four samples were collected in January 2017 for groundwater age dating.
Area near monitoring well C3, Mt. Hope Cemetery, Lansing, Michigan. Photograph by Angela Brennan, U.S. Geological Survey.
Previous Studies and Historical Perspectives
Several international studies have been published on the effect of cemetery leachate on groundwater quality, including research from Australia, Canada, Germany, South Africa, and the United Kingdom (U.K.); however available data on the potential effect of cemetery leachate on water resources in the United States (U.S.) are limited. Results of these studies indicated that cemeteries can affect the presence and concentration of certain bacteria, nutrients, and metals in groundwater (Dent and Knight, 1998; Engelbrecht, 1998; Ücisik and Rushbrook, 1998; Young and others, 2002) , and that large quantities of nutrients and constituents associated with burial processes (such as embalming) can leach into shallow groundwater and potentially threaten nearby drinking-water sources. The Midland Agency Region (U.K.) and the World Health Organization (WHO) suggest that cemeteries may pose a microbial problem requiring further study and should be viewed as being comparable to individual septic tanks (Young and others, 2002) or a special type of landfill (Ücisik and Rushbrook, 1998) .
Burial processes, from preservation to interment, have changed throughout history and can vary with geographic region, religion, local ordinance, economic status, and other factors. Soil type, precipitation, and groundwater levels vary with geography. Religious practices can affect whether or not to embalm, and whether to use modern caskets or a shroud. Local ordinances may govern the depth of interment and guide the design and layout of cemeteries, whereas socioeconomics plays a role in determining the type of casket, the burial process, and even the burial location (cemetery plot or the burial of cremated remains) (Young and others, 2002) . Potential sources of contamination to shallow groundwater in and near cemeteries regardless of the burial practices and processes include decomposition, embalming chemicals, memorial markers, cemetery grounds maintenance, cemetery road maintenance, and vehicle usage (Dent, 2002) .
Embalming-From Past to Present
In the U.S., modern embalming for the purpose of performing a funeral is believed to have begun in the 1860s during the American Civil War. The purpose of modern embalming was to preserve the body until it could be transported home for burial, and to prevent the spread of infectious diseases (Brenner, 2014) . From the 1860s to about 1900, arsenic and mercury were the primary chemicals used in embalming solutions (Spongberg and Becks, 2000) . Phenol was introduced in the mid-19th century and was commonly mixed with glycerine (Brenner, 2014) . The human and environmental health risks associated with these early embalming substances were eventually realized, resulting in the current use of formaldehyde (Spongberg and Becks, 2000) . The use of alternative replacements for formaldehyde, including a solution made of ethanol, glycerine, and thymol and another composed of diethylene glycol and monoethylene glycol, is becoming more common in the funeral industry (Brenner, 2014) . In the U.S., embalming fluids currently (2018) are exempt from regulation as pesticides by the Federal Insecticide, Fungicide, and Rodenticide Act (U.S. Environmental Protection Agency, 2014a).
Contaminants from Cemeteries
Chemical constituents, bacteria, and viruses are some of the main concerns associated with burial processes (Young and others, 2002; Dent, 2002) . Other contaminants attributed to the burial process can result from the decomposition of caskets, upholstery fabrics, clothing, metal dental fillings, medical devices, jewelry, and other funeral artifacts. The constituents evaluated as part of this study can be derived from sources related to the funeral process, including chemicals associated with embalming, human decomposition, and decomposition of caskets, fabrics, and other burial objects; and chemicals used in the maintenance of cemetery grounds. In this project, the presence and concentrations of several possible constituents related to these sources, including nutrients, trace metals, formaldehyde, FIB, bacterial pathogen genes, and CECS (pharmaceuticals, personal care products, and wastewater indicator compounds) were evaluated. According to Young and others (2002) , few studies have included monitoring groundwater near cemeteries for microbes. These microbial studies showed an increase in bacteria including fecal coliforms, Escherichia coli (E. coli), enterococci, and Staphylococcus aureus (S. aureus) in groundwater within and near cemeteries (Engelbrecht, 1998; Rodrigues and Pacheco, 2010) . FIB and bacterial pathogens are a concern for human health as these bacteria and pathogens may leave the cemetery boundaries through groundwater transport. Depending on environmental conditions (for example, pH, temperature, and organic-matter content), bacteria can survive and proliferate within the soil and groundwater, and the elevated nutrient concentrations found in cemetery leachate may further enrich these bacterial communities (Engelbrecht, 1998; Rodrigues and Pacheco, 2010) .
Cemetery Management
Unknowingly, many cemetery managers are already applying at least one management practice, called "phytoremediation" (the use of trees and deep-rooted plants to remediate contaminants in the soil and groundwater), to address the potential for contaminants to leave the cemetery property (Dent and Knight, 1998) . In addition to phytoremediation, other management practices could include (1) establishing buffer zones around the perimeter of cemeteries; (2) properly assessing and managing the placement of new cemeteries and extensions, and taking into consideration the hydrogeologic settings of the land; (3) minimizing irrigation and fertilizer use; and (4) positioning interments in time and location within the cemetery to distribute contaminants and reduce point loading (Dent and Knight, 1998) .
Approach
This study was conducted from December 2016 to July 2017 at Mt. Hope Cemetery, Ingham County, Michigan, which is situated within the Lansing Wellhead Protection Area ( fig. 1 ). Mt. Hope Cemetery is managed by the City of Lansing Parks and Recreation Department, and burials still actively occur within the cemetery grounds.
Study Area
Mt. Hope Cemetery, an 82-acre facility in the City of Lansing, is bordered on the west by Sycamore Creek ( fig. 1 ) (Luukkonen, 2014) . The cemetery opened in 1874, even though some of the markers predate that year and represent where people from smaller local cemeteries were exhumed from other locations and reinterred at Mt. Hope Cemetery. A numerical groundwater flow model published by the USGS in 2009 indicates that regional groundwater flow (Ingham County, Lansing, Michigan) is generally from south to north and from southeast to northwest, and that local flow is generally toward rivers (Luukkonen, 2010) . At Mt. Hope Cemetery, regional and local groundwater flow is generally from east to west toward Sycamore Creek ( fig. 1) .
The study area generally consists of glacial drift overlying undifferentiated Pennsylvanian-age sandstone of the Saginaw Formation. The glacial drift is classified as mediumtextured till (Farrand and Bell, 1982) , which is a dominantly loam or silt-loam matrix that includes boulders, cobbles, and other sediments ranging in size from clay to gravel. This heterogeneous mix of geologic material affects the flow of groundwater, and the constituents it contains, through the subsurface. The Saginaw Formation is composed primarily of sandstone and shale with smaller amounts of coal and limestone (Vanlier and others, 1973) . Depth to bedrock near the cemetery is approximately 40 to 50 feet (ft) below land surface and approximately 790 ft above NAVD 88 (Luukkonen, 2010) . The elevation of land surface in the cemetery ranges from 830 to 880 ft above NAVD 88 (fig. 1) 
Sample-Collection Methods and Analysis
The USGS collected samples approximately quarterly from December 2016 to July 2017 (not including age-dating sampling, which occurred in January 2017) to evaluate the potential effect of cemetery leachate on groundwater quality through reconnaissance sampling and analysis of groundwater samples to test for possible environmental and humanhealth concerns associated with cemetery leachate (table 1) . The USGS collected samples with a peristaltic pump at sites C1, C2, and C3, and a submersible pump at the Fenner well ( fig. 1 ). Groundwater samples to be analyzed for formaldehyde, trace metals, and CECs were collected in December 2016 and February 2017 (the first two sampling events). Because laboratory results for these constituents are typically not reported for several months after sample collection, sampling early in the project allowed sufficient time for analysis. Physical field characteristics, nutrient concentrations, and concentrations of FIB (total coliforms, fecal coliforms, E. coli, enterococci, and Staphylococcus) and bacterial pathogen genes (for pathogenic E. coli, Enterococcus, Salmonella, Shigella, and Staphylococcus) were measured in December 2016 and in February, May, and July 2017. A list of constituents analyzed for can be obtained by the USGS station number (table 1) at the USGS National Water Information System (NWIS) website at https://waterdata.usgs.gov/nwis (U.S. Geological Survey, 2017a).
Water-quality samples were collected in accordance with the USGS "National Field Manual for the Collection of Water-Quality Data" (National Field Manual) (U.S. Geological Survey, 2006). Samples were collected during base-flow conditions in Sycamore Creek to attempt to limit the influence of surface water in the monitoring wells. Wells were purged before sampling to remove standing water. Wells were purged until field parameters stabilized, which indicates that the discharge water represents ambient formation water per USGS groundwater sampling methods (U.S. Geological Survey, 2006; Wilde and others, 2004) . Field characteristics (specific conductance, pH, temperature, dissolved-oxygen concentration) were monitored by using a calibrated multiparameter sonde in a sealed flow-through cell to verify that the groundwater had stabilized prior to sampling. Turbidity was monitored by collecting water samples from the flow-through cell and analyzing them with a portable field turbidimeter. Samples were stored on ice in coolers and shipped the day of collection by overnight delivery to the USGS National Water Quality Laboratory (NWQL) in Denver, Colorado, for determination of nutrients, trace metals, pharmaceuticals, and wastewater indicator compounds. Samples analyzed for formaldehyde were sent to RTI Laboratory in Livonia, Michigan. Samples to be analyzed for FIB and bacterial pathogen genes were hand delivered to the USGS Michigan Bacteriological Research Laboratory (MI-BaRL) in Lansing, Michigan.
Hydrologists collecting groundwater samples at well C1, Mt. Hope Cemetery, Lansing, Michigan. Groundwater samples were collected from four wells located near Mt. Hope Cemetery. Photograph by Angela Brennan, U.S. Geological Survey.
Samples for determination of age-dating constituents (chlorofluorocarbons [CFCs] , specifically CFC-11, -12, and -113); sulfur hexafluoride (SF 6 ); and associated dissolved gases) were collected on January 25, 2017, at each of the four wells. Samples were analyzed at the USGS Reston Age Dating Laboratory in Reston, Virginia. Samples for age-dating and analysis for dissolved gases were collected in accordance with protocols described by the USGS Reston Age Dating Laboratory (U.S. Geological Survey, 2017b).
Censored data values that were less than the laboratory reporting limit were treated as equal to the reporting limit for data computations and analysis, as well as figure and table calculations.
Michigan Bacteriological Research Laboratory Methods
Water samples were filtered at the MI-BaRL by using sterilized equipment and standard methods for membrane filtration (table 2) . Samples were plated on selective media for enumeration or enrichment (table 2).
After bacteria counts from membrane filtration enumeration were recorded, all target and nontarget growth was subsequently used to detect the presence of pathogen or antibiotic resistance gene markers from target organisms (table 3) . Sterile phosphate buffer solution (PBS) was used to wash and remove growth from the filter. All growth was transferred to a cryovial and additional 500 microliters (µL) of 40-percent glycerol was added to create a glycerol stock. The resulting glycerol stocks were stored at −70 °C until analysis. Glycerol stocks were thawed, homogenized, and 100 μL (gram-negative cultures) or 400 μL (gram-positive cultures) was used for deoxyribonucleic acid (DNA) extraction (Qiagen DNeasy DNA extraction kit; Qiagen, Valencia, California). DNA extraction blanks were included in every round of sample extractions. Extracted DNA was stored at −20 °C until polymerase chain reaction (PCR) analysis was performed. PCR was used to detect the presence of 11 bacterial gene markers for species identification and pathogenicity and antibiotic resistance capabilities (table 3) . Standard quality-control checks of PCR reactions included running a positive and negative PCR control with every PCR run.
Cleaning of sample tubing was adjusted from standard USGS protocols after the first sample set was collected in December 2016 to address bacterial presence in field blanks. The new adjusted cleaning protocol was a 10-percent bleach rinse followed by a sterile-water rinse, which was incorporated following the inorganic-sample cleaning protocol recommended in the USGS National Field Manual (Wilde, 2004) . Additionally, two field blank samples were collected in December 2016 and May 2017 for analysis for nutrients, and one field blank sample was collected in December 2016 for analysis for pharmaceuticals, trace metals, and wastewater indicator compounds. Seven field blank samples were collected for microbial analysis throughout the course of the study. For each sampling event, a microbial field blank from each of the peristaltic and submersible sampling pumps was submitted to the MI-BaRL for analysis.
One field spike was collected at well C2 in December 2017 and sent to the NWQL for analysis for pharmaceuticals. Field spikes are environmental samples to which a known volume and concentration of analyte is added. Field spikes are used to assess bias and variability from groundwater matrix interference or degradation of organic constituents during sampling processing, storage, and analysis.
Effect of Cemetery Leachate on Groundwater Quality
All routine water-quality data collected as part of this study are available in the USGS National Water Information System (NWIS) database at https://waterdata.usgs.gov/nwis (U.S. Geological Survey, 2017a) and quality-control data are presented in table 9. The results of this study are presented in the following sections.
Physical Characteristics of Groundwater
Physical groundwater characteristics can be used to explain the general conditions of the groundwater that is being sampled. Nearly 68 percent of the groundwater samples collected for analysis at Mt. Hope Cemetery were collected under oxic conditions, whereas the remainder of samples were collected under anoxic conditions (dissolvedoxygen concentration less than 0.5 milligrams per liter [mg/L]) (table 4). Groundwater temperatures ranged from 5.3 to 14.8 °C, with warmer temperatures occurring during the July 2017 sampling event. Specific-conductance values were highest at well C1 and at the Fenner well, and ranged from 478 to 2,120 microsiemens per centimeter at 25 degrees Celsius (µS/cm at 25 °C). Groundwater pH was consistently neutral, with values ranging from 6.7 to 7.4 (table 4).
Nutrients
Nutrients can come from natural sources such as eroding soils, decomposing plant material, and wildlife waste, as well as point-source discharges and nonpoint sources (Brennan and others, 2015) . Nonpoint sources of nutrients commonly are attributed to agricultural and urban environments; however, information on the effect of cemeteries on nutrient concentrations in groundwater is limited.
Results of this study indicate that wells C1 and C3 exhibited elevated total nitrogen concentrations (median 2.11 and 1.11 mg/L, respectively) when compared to the Fenner well (median 0.46 mg/L), whereas well C2 exhibited lower concentrations of total nitrogen (median 0.27 mg/L) compared to the Fenner well. Well In a study in West Germany in 2002, groundwater was sampled at various distances from the cemetery and results indicated elevated ammonia and nitrate concentrations downgradient from the cemetery; however, the data showed rapid attenuation with distance from the cemetery (Young and others, 2002) . Whereas well C1 indicated elevated nitrite plus nitrate concentrations when compared to the Fenner well, ammonia concentrations were lower. The opposite was true at well C3, where ammonia concentrations were higher, and nitrite plus nitrate values were lower than those in samples from the Fenner well. Nutrient-concentration distribution by well in samples collected December 2016 to July 2017 is presented in figure 2.
Trace Metals and Formaldehyde
Until 1951, several solutions containing metals were used in the embalming process (Young and others, 2002) . A variety of metals (including iron, copper, lead, and zinc) are commonly used in the construction of caskets (Spongberg and Becks, 2000) , and mercury can be found in medical devices and dental fixtures. Arsenic was a common constituent in the early embalming process and, in the 1800s and early 1900s, was used to treat diseases such as syphilis and psoriasis (American Cancer Society, 2014). Both formaldehyde and arsenic are used in historic and present-day embalming practices, are known carcinogens, and can cause other health problems. Formaldehyde usage and exposure are regulated by both the Occupational Safety and Health Administration and the EPA (Mao and Woskie, 1994) .
Trace-metal concentrations in shallow groundwater potentially associated with cemetery leachate were compared to the EPA drinking-water standards and health advisory criteria (table 5) . Arsenic concentrations at well C3 exceeded the EPA maximum contaminant level (MCL) for drinking water (10 micrograms per liter [µg/L]) (U.S. Environmental Protection Agency, 2012) on two occasions, with arsenic concentrations almost six times as high as those in the Fenner well. Concentrations of manganese at all sites, including the Fenner well, exceeded the EPA lifetime health advisory (LHA) and EPA secondary maximum contaminant level (SMCL) in drinking water (300 and 50 µg/L, respectively) (U.S. Environmental Protection Agency, 2012; U.S. Environmental Protection Agency, 2009a). Other than a sample collected at well C1 in February 2017, manganese concentrations from all three wells exceeded concentrations in the Fenner well, and in December 2016, manganese concentrations at wells C1, C2, and C3 were almost twice as high as concentrations in the Fenner well.
Other trace metals potentially associated with cemetery leachate were found in relatively low concentrations compared to EPA drinking-water standards, and were commonly reported as less than the reporting limit (RL) (as indicated with a "less-than" notation in table 5). Molybdenum concentrations were highest in wells C1 and C2, whereas aluminum and lead concentrations were highest in wells C1 and C3. Copper concentrations were variable, and both mercury and zinc concentrations were below the laboratory detection limit (table 5) . Of the 19 metals analyzed for as part of the trace-metals analyses, concentrations were highest most frequently at wells C1 (8 highest concentrations of 19 different metals, or 42 percent) and C3 (5 highest concentrations of 19 metals, or 26 percent), and least frequently at the Fenner well (3 highest concentrations of 19 metals, or 16 percent) and well C2 (0 highest concentrations of 19 metals). Concentrations of the remaining 3 metal analytes (silver, zinc, and mercury) of the 19 metals analyzed for at the NWQL were below the RL.
Formaldehyde was not detected in any of the groundwater samples collected during this study, possibly because formalin (which is made up of a 35-to 40-percent solution of formaldehyde and water) at low concentrations under anaerobic conditions in the body can degrade to form methane, carbon dioxide, and fatty acids (Young and others, 2002) .
Microbial Results
Many of the bacterial species evaluated as part of this study are known to be associated with the human gut or skin microbiome and therefore can be released through natural human decay. The influx of nutrients, as well as other organic and inorganic chemicals naturally present in the soil, may provide an environment that supports bacterial growth (Engelbrecht, 1998). As a result, bacteria may be introduced to the groundwater (Ücisik and Rushbrook, 1998) .
Total coliforms, enterococci, E. coli, fecal coliforms, and staphylococci were enumerated in groundwater samples collected from the monitoring wells and the Fenner well ( fig. 1) . Concentrations in groundwater samples collected at the Fenner well were zero to minimal (1-12 colony forming units per 100 milliliters [CFU/100 mL], average 2.3 CFU/100 mL) of total coliforms, enterococci, E. coli, fecal coliforms, and staphylococci ( fig. 3) . In contrast, concentrations of total coliforms, E. coli, and staphylococci were higher in samples from wells C1, C2, and C3 than in samples from the Fenner well. Broth enrichments indicate that Salmonella species (sp.) were present in all samples collected from wells C1 and C2, in three 
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EXPLANATION
[Censored values less than the reporting limit were treated as equal to the reporting limit; N, nitrogen; P, phosphorus] [LHA, EPA lifetime health-advisory level determined from EPA toxicity data and methods; MCL, enforceable EPA maximum contaminant level; SMCL, nonenforceable EPA secondary maximum contaminant level; DWEL, drinking-water equivalent level, which is a drinking-water lifetime exposure limit; concentrations in micrograms per liter (µg/L); underlined font indicates exceedances of EPA drinking-water standards; colors indicate the data quartile percentage, with the first quartile representing 0 to 25 percent of the data (tan), second quartile representing >25 to 50 percent of the data (yellow), third quartile representing >50 to 75 percent of the data (orange), and fourth quartile representing >75 to 100 percent of the data (red); >, greater than; <, less than; *, chemical or instrumental interference sample was diluted, which raised the reporting limit to <9.0 µg/L; drinking-water standards and health advisories from U.S. Environmental Protection Agency (2018) of the samples collected from well C3, and in only one sample collected from the Fenner well ( fig. 3) . Concentrations of fecal coliforms and enterococci in samples collected from well C3 were variable. Of the three monitoring wells, C1 had the highest mean concentration of staphylococci (307 CFU/100 mL) and C3 had the highest mean concentration of E. coli (64 CFU/100 mL). Additionally, C3 was the only site at which concentrations of enterococci (mean 10 CFU/100 mL), E. coli (mean 64 CFU/100 mL), fecal coliforms (mean 59 CFU/100 mL), and staphylococci (mean 192 CFU/100 mL) were elevated ( fig. 3) .
The E. coli 16S rDNA gene (species marker) was detected in well C3 throughout the course of this study (table 6 ). This gene was also detected in multiple samples from wells C1 and C2. Although this gene was detected during the May 2017 sampling at the Fenner well, it was also detected in the field blank associated with this site on that day; therefore, this detection could be the result of contamination. This gene was not present in any field blanks associated with well C1, C2, or C3. In addition to E. coli 16S genes, two pathogen genes (shiga-toxin 1, stx1; and eaeA), and one antibiotic resistance gene marker (vanB), were detected in groundwater samples from the monitoring wells C2 and C3 ( (table 6) . The E. coli eaeA (intimin attachment) gene marker was also present in the sample collected at well C3 in December 2016. The E. coli stx1 gene marker was present in the February 2017 replicate sample collected from well C3 and the July 2017 replicate sample collected from well C1; however, the gene was not present in the primary samples collected on those dates. The E. coli stx1 gene marker also was present in the July 2017 sample collected from well C2 (table 6). Other than E. coli 16S, none of the targeted bacterial pathogen or antibiotic resistance genes was present in samples from the Fenner well (table 6) . Presence of these pathogen and antibiotic resistance genes does not confirm pathogenicity or resistance, but does indicate that the bacteria carrying these genes have the potential to be pathogenic and resistant to antibiotics. Despite the elevated concentrations of staphylococci in groundwater samples from all monitoring wells, neither femA nor mecA gene markers (genetic markers for Staphylococcus aureus [S. aureus] and methicillin-resistant S. aureus [MRSA] , respectively) were detected in any of our samples (table 6) .
The increase in bacterial growth and presence of these genes indicate that some source of bacteria is likely affecting the groundwater quality in these monitoring wells. The presence of FIB (for example, coliforms, fecal coliforms, E. coli, and enterococci) in groundwater indicates that fecal or sewage sources may be nearby and that the potential exists for bacteria species to enter the groundwater system (Embrey and Runkle, 2006) .
Results of the few studies exploring the microbial composition of cemetery leachate have shown high concentrations of bacteria in wells in and adjacent to cemeteries (Engelbrecht, 1998; Ücisik and others, 1998; Rodrigues and Pacheco, 2010; Environment Agency, 2004) . These studies have identified the presence of a variety of bacterial species including many found in this study, such as total coliforms, fecal coliforms, E. coli, enterococci, and staphylococci (Dent, 2002; Ücisik and Rushbrook, 1998; Trick and others, 2001 ).
Contaminants of Emerging Concern
Contaminants of emerging concern (CECs), including pharmaceuticals, personal care products, and wastewater indicator compounds, can be broadly defined as any synthetic or naturally occurring chemical or any microorganism that is not commonly monitored in the environment but has the potential to enter the environment and cause known or suspected adverse ecological and (or) human-health effects. These contaminants tend to be persistent, bioaccumulative, and (or) toxic to humans and the environment (U.S. Environmental Protection Agency, 2016). Data related to CECs in groundwater near cemeteries appear to be nonexistent or extremely limited.
Many CECs, including atrazine, triclosan, carbamazepine, and polybrominated diphenyl ethers (PBDEs), have been linked to endocrine disruption in wildlife and humans, yet little is known about the occurrence, transport, and fate of these contaminants, particularly as they relate to cemeteries. In recent years, PBDEs have been used as flame retardants in various applications, including textiles, plastics, furniture, and automobiles (Centers for Disease Control and Prevention, 2018).
Pharmaceuticals were not detected at concentrations above the reporting limit in any of the three monitoring wells or the Fenner well. Of the 63 wastewater indicator compounds analyzed for, 5 compounds were detected in groundwater at concentrations above their respective NWQL reporting limits (table 7) . The compound 3-Methyl1H-indole (also known as skatole) is used as a fragrance, and is the source of the objectionable odor in feces and coal tar (Haack, 2009) . The concentration of skatole in well C1 (table 7) exceeded the RL. Also present in well C1 and in well C2 was p-Cresol or paraCresol, which is used as a wood preservative (Haack, 2009) , is present in coal tar, and is produced by bacterial fermentation in the human large intestine. Phenol, which is a component of disinfectants, mouthwash, cigarettes, and embalming fluid, was present in all three monitoring wells as well as the Fenner well. Camphor (used as a flavor, as an odorant [embalming fluid], or in ointments) was detected in well C3 at a concentration above the RL (0.071 µg/L) and in wells C1 and C2 at concentrations below the RL. Atrazine, an herbicide, was detected at a concentration above the RL in well C2 (table 7) .
The presence of CECs in surface water and groundwater was evaluated in a previous USGS study (Haack, 2009 ) that targeted a variety of land uses in Michigan from urban to agricultural. The results of the study indicated that 8 of 129 constituents (about 6 percent) were detected in groundwater at concentrations above the laboratory RL; however, most of the detections were categorized as "detected but not quantified" (Haack, 2009) . For a given constituent, the number of analyses ranged from 17 to 113. In the current study, 5 of 65 constituents (about 8 percent) were detected at concentrations above the RL; however, the number of analyses was much smaller (8, not including quality-control samples) (table 7). The five constituents detected at concentrations above the RL in the current study were not detected in the 2009 study, although some of the detections in the 2009 study were not quantifiable (Haack, 2009 ).
Groundwater Age
Age-dating techniques were used to determine the approximate age of groundwater that recharged the wells sampled in this study. This analysis was conducted to estimate the residence time of groundwater in the soils prior to reaching the monitoring wells. Two techniques were used to estimate groundwater ages: chlorofluorocarbon (CFC) analysis and sulfur hexafluoride (SF 6 ) analysis. A detailed description of the methods, assumptions, and interpretation of CFC and SF 6 analyses can be found in Cook and Böhlke (2000) and Busenberg and Plummer (2000) , respectively.
At this study location, the reducing conditions in the groundwater resulted in methanogenesis, which caused degradation of the CFC molecules. This process was evidenced by the presence of methane in the dissolved-gas samples collected as part of the age-dating groundwater sampling event. This degradation can complicate the interpretation of the analytical results and produce erroneous groundwater ages-in this case, approximately 40 to 50 years old. However, the analyses for SF 6 , which is not susceptible to degradation in reduced conditions, yielded ages ranging from 1 to 8 years ( fig. 4) . Groundwater in the Fenner well ( fig. 1) , also in reduced conditions, had a CFC age of 60 years (which is likely erroneous) and an SF 6 age of 40 years. [ng/L, nanograms per liter; µg/L, micrograms per liter; <, less than; E, estimated value; *, atrazine reporting limit was increased by the laboratory as a result of contamination in the field blank; color indicates a sample concentration that exceeded the U.S. Geological Survey National Water Quality Laboratory reporting limit (outlined in red), or detection of a contaminant but at a concentration less than the reporting limit (outlined in blue)] Sample bottle used for groundwater age dating is submerged in water collected from the well pump through the copper tube to avoid air contact so that results of analyses for dissolved gases can be used to help determine the age and contamination potential of the groundwater being analyzed. Photograph by Julia Prokopec, U.S. Geological Survey. 
Wells
Quality-Control and Quality-Assurance Results
Relative percent difference was calculated for nutrients, metals, CECs, and FIB. Constituent pairs were excluded from the RPD analysis when one or both analyses in a constituent replicate pair were reported as less than the applicable laboratory reporting level. Relative percent differences were then calculated for the remaining replicate pairs and the results were summarized by determining the median RPD for each constituent (table 8) . In four instances all of the data were censored and, therefore, the RPD was not calculated (table 8) .
Relative percent differences varied depending on the constituent, an indication of variability in the number of quality-control samples collected, sample-collection method, and laboratory method. The nutrient nitrite plus nitrate had the lowest median RPD (0 percent), and the CEC analyte phenol had the highest RPD (84 percent), indicating greater confidence in the nitrite plus nitrate results than the phenol results (table 8) .
Detections of chemical constituents in the field blank samples were minimal (table 9). Copper and lead were detected in the field blank sample collected on December 7, 2016, at concentrations of 3.8 and 0.14 µg/L, respectively; [mg/L, milligrams per liter; <, less than; µg/L, micrograms per liter; CECs, chemicals of emerging concern; E. coli, Escherichia coli; MPN, most probable number per 100 milliliters; CFU/100 mL, colony forming units per 100 milliliters; A, constituent pairs included only censored data so no relative percent difference was calculated; *, constituent pairs were excluded from the relative percent difference analysis when one or both analyses in a constituent replicate pair were reported as less than the applicable laboratory reporting level. Relative percent differences were then calculated for the remaining replicate pairs and the results were summarized by determining the median relative percent difference for each constituent] 
Constituent
.d. n.d. <3 n.d. n.d. n.d. n.d. n.d. n.d. <1 89 <1 <1 <1 <1 <1 <1 <1 <1 <1 E. coli (IDEXX) <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 E. coli (plating) <1 1 E 32 3 E <1 <1 10 E <1 <1 <1 <1 Fecal coliforms <1 1 E 101 E <1 <1 <1 <1 <1 <1 <1 <1 Enterococci <1 12 E 1 E 1 E <1 <1 <1 <1 <1 <1 <1 Staphylococci 12 7 3 E >600 1 E <1 <1 <1 <1 1 E 1 E Enterococcus esp − − − − − − − − − − − Enterococcus vanA − − − − − − − − − − − Enterococcus vanB − − − − − − − − − − − E. coli 16S − + + + − − − + − + − E. coli stx1 − + − + − − − − − − − E. coli stx2 − − − − − − − − − − − E. coli eaeA − − − − − − − − − − − Salmonella invA − − − − + − − − − − − Salmonella spvC − − − − − − − − − − − Shigella ipaH − − − − − − − − − − −
Other Potential Sources of Contaminants to Cemeteries
Other sources of background contamination can be present in cemeteries that could make interpreting a groundwater evaluation more difficult. Some cemeteries use fertilizers and insecticides to help keep the grounds green and well maintained; however, fertilizers are used only minimally at Mt. Hope Cemetery. Starter fertilizer is used in the spring to help establish grass seed on new graves established during the winter, and two markers at Mt. Hope Cemetery are fertilized and maintained by a third party (Irene Cahill, Public Services Department, City of Lansing, written commun., 2018). Also, sanitary sewers near a cemetery could be a potential source of a variety of chemical and microbial constituents through exfiltration (loss of sewage) that can occur as a result of infrastructure deterioration (Hunt and others, 2010) ; however, no sanitary sewer lines are located near Mt. Hope Cemetery, either at the north cemetery border at East Mt. Hope Avenue or the east cemetery border at North Aurelius Road. Another potential source of contamination to the study area is nearby Sycamore Creek, which could affect groundwater quality through surface-water/groundwater interaction. Although wells C1 and C3 are far enough from the creek that they are not likely affected by surface water ( fig. 1 ), well C2 is near Sycamore Creek, so the potential for surface water to interact with groundwater is greater at that location. Overall, concentrations of chemical compounds and microbes in samples from well C2 were lower than those in samples from wells C1 and C3, one indication of possible surface-water exchange at that location even given the adjusted sampling approach of sampling only after Sycamore Creek had returned to base flow. Additionally, the presence of various animals such as deer and waterfowl was noted during sampling; although these animals are a potential source of FIB to groundwater, the amount of FIB they may contribute is unknown.
Summary and Conclusions
From December 2016 to July 2017, the U.S. Geological Survey conducted approximately quarterly groundwater sampling at three monitoring wells in Mt. Hope Cemetery, Lansing, Michigan, and at one well just east of the cemetery and outside the potential effects of cemetery leachate at Fenner Nature Center. This study included the determination of concentrations of nutrients, trace metals, formaldehyde, microbial pathogens, contaminants of emerging concern (CECs), and age-dating compounds in groundwater in and near the cemetery in an effort to determine whether cemetery leachate to groundwater, particularly in wellhead protection areas, may cause environmental or human-health concerns.
This report summarizes the analytical results from four sampling events. The small sample size did not allow for a thorough analysis of the fate and transport of constituents associated with common burial processes; however, the results can be used to determine whether evidence exists that supports the hypothesis that cemetery leachate may be a concern for water-resource management.
Distinct differences were noted between analysis results for the monitoring wells and those for the Fenner well. First, samples from wells C1 and C3 contained elevated concentrations of nutrients, particularly total nitrogen and nitrite plus nitrate at well C1 and total nitrogen, ammonia, phosphorus, and orthophosphate at well C3. Second, concentrations of manganese and molybdenum generally were higher in samples from the monitoring wells than in those from the Fenner well, especially at well C1, and concentrations of arsenic and aluminum at well C3 were higher than those at the Fenner well. Third, elevated microbial growth, including that of total coliforms, fecal coliforms, E. coli, enterococci, staphylococci, and Salmonella spp., was found in all three monitoring wells compared to the Fenner well. Potential pathogen or antibiotic resistance genes were detected in samples from the three monitoring wells, but not in those from the Fenner well. The amount of bacterial growth and presence of these bacterial pathogen genes indicate that a source of bacteria is affecting the quality of the water in these monitoring wells. Additionally, most of the CECs detected at concentrations above the reporting limit were in samples from wells C1, C2, and C3. These study results are similar to results of studies conducted in Canada, Australia, and the United Kingdom in which elevated concentrations of bacteria, metals, and nutrients were found in cemetery leachate.
This preliminary investigation demonstrates that cemetery leachate may affect shallow groundwater quality at this study location; however, further research is warranted to determine the extent of this effect. The results of this study indicate the potential for cemeteries to affect local water resources and, if cemeteries are located in wellhead protection areas, understanding the extent of potential contamination may be critical. In Michigan, cemeteries currently are not included in the contaminant source inventory that lists sites within the Wellhead Protection Area that may have the potential to contaminate drinking water.
Future monitoring efforts might include longer term groundwater monitoring to account for factors such as seasonal variation in contaminant loading to groundwater, the relation between contaminant loading and precipitation events, and the relation between contaminant loading and distance from the source. Other future areas of research could include investigating the role of hydrogeologic settings in contaminant loading from cemeteries, analyzing groundwater flow paths, and researching the interaction of groundwater with surface water and the potential for cemetery leachate to contaminate surface water. Also in this study, high concentrations of staphylococci were found in the monitoring wells; further research is needed to determine the bacterial species (for example, Staphylococcus aureus or Staphylococcus epidermis) and source of these bacteria in the monitoring wells. Furthermore, no information has been published on the presence of pathogen or antibiotic resistance genes in cemetery leachate. The detection of these genes in the monitoring wells in this study indicates that more research is needed to determine the source, transport, and fate of these genes within this environment, as well as the relation between biogeochemical settings and bacterial viability and transport to groundwater. In the United States, data on the effect of cemeteries on water quality are limited; therefore, a larger scale assessment of cemeteries would be useful to inform decision making with respect to regional, or national, changes in cemetery management.
Results of this study indicate that cemeteries may be a potential source of chemical and microbial contamination to nearby groundwater and surface water. Additional research would inform the efforts of managers of cemetery facilities on best practices to protect water resources.
